Microparticles, in the context of this review, are defined as plasma membrane derived-particles shed by various types of vascular and blood cells in response to different stimuli. They were first described as products of platelet activation or "platelet dust", however microparticles are now ascribed prominent roles in cardiovascular diseases and contribute to the regulation of pathophysiological processes including, endothelial function, inflammation, coagulation, angiogenesis, and cellular remodelling. Furthermore, microparticles serve as cell-cell messengers by transfer of biological information to target cells in pathophysiological settings and have proven to be prominent biomarkers for health and physiology assessments for both diagnostic and risk stratification purposes. This review describes the mechanisms of microparticles formation, release and clearance, and their detection by currently available and applicable methods. It also discusses the role of microparticles in the development of cardiovascular diseases, as well as their role as biomarkers and cell effectors in the cardiovascular system. 1 In spite of advances in assessment and treatment of common cardiovascular risk factors, including hypertension, obesity, diabetes, hyperlipidemia, the world health organization estimates the number of death from CVDs will increase to almost 24 million by 2030.
INTRODUCTION
Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide killing over 17 million individuals each year, representing 30% of all global deaths. 1 In spite of advances in assessment and treatment of common cardiovascular risk factors, including hypertension, obesity, diabetes, hyperlipidemia, the world health organization estimates the number of death from CVDs will increase to almost 24 million by 2030. 1, 2 This is thought to be, at least in part, due to inadequate knowledge of the contribution of the different pathways implicated in the pathophysiology of the condition of each patient, and the lack of accurate prognostic indicators, which could alert the treating physician.
Numerous investigations have indicated that the molecular mechanisms underlying the pathophysiology of CVDs could be monitored using a variety of biological parameters or biomarkers.
acquire new biological properties. However, apart from their deleterious effects, MPs may be employed as pharmacological tools and protect against cellular and vascular damage. 6 
Formation of microparticles
The formation of MPs is a physiological process that occurs continuously throughout cell's life cycle in response to various environmental stimuli ( Figure 2 ). 8 -10 However, the release of MPs is significantly increased under stress conditions, including cell activation or apoptosis, hypoxia, oxidative damage, and shearing stress. 6, 11 Although the exact mechanism governing the shedding of MPs is not yet fully understood, it is thought to involve the redistribution of membrane phospholipids between the two leaflets of the membrane bilayer, followed by cytoskeleton reorganization and cell contraction. The membrane bilayer is a fluid mosaic structure made essentially from phospholipids with embedded proteins. In resting state, phosphatidylcholine, and sphingomyeline are mainly located in the external leaflet whereas, phosphatidylserine (PS) and phosphatidylethanolamine are confined to the inner one. 12 The distribution of phospholipids is controlled by three phospholipid transporters: flippase, floppase, and scramblase. The flippase/floppase dyad governs either the inward (flip) or the outward (flop) translocation of phospholipids while the scramblase controls the unspecific distribution of phospholipids across the bilayer.
Cell activation/apoptosis is accompanied by a rise in intracellular Ca 2þ ([Ca 2þ ] i ) that enhances the activity of the floppase and the scramblase and inhibits the activity of the flippase. As a result, the asymmetrical distribution of phospholipids is disrupted, and PS exposes on the cell surface leading to membrane vesiculation and release of MPs. Concomitantly, the activation of numerous intracellular signaling proteins and downstream effectors contribute to the remodelling of the cytoskeleton and subsequent MPs formation ( Figure 3) .
Composition of microparticles
The biological properties of MPs are largely determined by their protein and lipid composition, which, in turn, depend on the cells they stem from and the stimulus leading to their production. For instance, MPs that derive from endothelial cells, namely endothelial-MPs (EMPs) contain a high proportion of metabolic enzymes, proteins involved in cell extravasation, and cytoskeleton-associated proteins. 13 In the other hand, platelet-MPs (PMPs) are enriched in surface proteins (integrins, P-selectin, etc.) while MPs from activated neutrophils have a high density of the integrin Mac-1.
14,15 The proteins exposed on MPs surface can serve to determine their cellular origin by using antibodies directed against specific epitopes. Studies have shown that the molecular "fingerprint" of MPs is influenced by the type of stimulus that causes their production. For example, cell apoptosis is characterized by the nucleus condensation and fragmentation, suggesting that MPs from apoptotic cells may contain a high proportion of genetic and nuclear material. Thereby, it is entirely possible to differentiate, within a subpopulation, the MPs released by activation from those shredded by apoptosis.
The lipid content of MPs is made essentially of cholesterol and amino phospholipids. In addition to their crucial role in the collapse of membrane asymmetry, lipids can modify the biological properties of MPs. For example, monocytes enriched with cholesterol may contribute to the development of atherothrombosis through the generation of highly procoagulant MPs. 
Clearance of microparticles
As yet, little is known about the fate of MPs in the circulation. When infused, MPs have a relatively short life span (, 10 minutes) as they are cleared rapidly following their introduction into circulation. 10 Nevertheless, the mechanism of clearance of MPs from the circulation is not well understood. Clearance of MPs is thought to occur mainly by phagocytosis in the spleen. Circulating MPs expose "removal signals" such as PS, tissue factor (TF), immunoglobulins, and complement that are recognized by phagocytic cells. Furthermore, studies on mice have reported a role of the spleen and the PS-binding protein lactadherin in the clearance of PMPs. They showed that splenectomized or lacadherin-deficient mice had an increased number of circulating MPs compared to their wild-type (WT) littermates. 17, 18 ANALYSIS OF MICROPARTICLES A growing body of evidence supports the implication of MPs in the pathophysiology of CVDs, and their analysis may readily enter the clinical scale. The analysis of MPs includes four essential steps: isolation, detection, subtyping, and quantification. However, accurate measurement of MPs is hampered by the lack of standardisation, and results vary between individual laboratories using different protocols. This is not only due to the discrepancy in the pre-analytical conditions like the anti-coagulant, centrifugation, and storage but also in the analytical methods used for their measurement.
Pre-analytical procedures
The pre-analytical conditions represent a vast source of variability in the analysis of MPs. In most protocols, MPs are measured in the plasma obtained by fractionation of peripheral blood. Blood is usually withdrawn from the antecubital vein and mixed with anticoagulant in plastic tubes. It is recommended to use a large diameter needle (19-21G) without placing a tourniquet around the vein to avoid ex vivo activation of blood caused by the shear stress. In general, anticoagulants like sodium citrate, Ethylene Diamine Tetra Acetic (EDTA), and CTAD (a mixture of citrate, theophylline, adenosine and dipyridamole) are routinely used for blood collection. The centrifugation speed applied for plasma preparation differ between laboratories and vary from 1500 to 20.000 x g, yielding to platelet-poor plasma or platelet-free plasma solutions. Note that high centrifugation speeds (. 3000 x g) result in a significant decrease in MPs count. 19, 20 Plasma samples are then stored at a temperature below 2 808C until further analysis. It is recommended to measure MPs in freshly prepared plasma (or ideally in fresh whole blood) to prevent any loss or damage that may occur during the storage process. Therefore, methods of direct measurement of MPs in unfractionated blood have been proposed. 
Measurement of microparticles by flow cytometry
Methods for MPs detection include flow cytometry, ELISA, fluorescence-based antibody array system, and functional coagulative assays. 21 -24 In particular, ELISA and flow cytometry are widely used in clinical settings to measure MPs in plasma samples. Further, ELISA represents an easy and reproducible method to measure MPs with equal sensitivity to flow cytometry. This method is based on the binding of MPs by fluorescent monoclonal antibodies in a multi-well plate system and subsequent detection by a plate reader. However, the majority of studies have employed flow cytometry as the gold standard for quantification of MPs due to its simplicity and the wealth of information that can be collected from the population under study. 25 -29 Flow cytometry enables the analysis of different MPs subtypes in one single run with the use of fluorescent antibodies directed against specific cell surface markers.
Technically, a MPs gate is set initially by fixing an absolute minimum threshold in forward scatter (FSC-A) or side scatter (SSC-A) parameter and the utilization of a mixture of size-calibrated fluorescent beads ( Figure 4 ). For instance, a threshold of 200 is set in log scale SSC-A to exclude the electronic background noise, and a blend of fluorescent beads (200 nm-3 mm) in a fixed numerical ratio (2:1, 0.5/0.9 mm beads, respectively) is used to determine the size distribution of MPs ( Figure 4A ). 30, 31 The nominal size of MPs is distributed between the lower limit of the 200 nm beads (blue beads) and the upper limit of the 900 nm beads (black beads). Using an FSC-A vs. SSC-A setting (log scale), an MPs gate with an upper limit of approximately 1mm is defined ( Figure 4B ). 30 
LABELLING OF MICROPARTICLES POPULATIONS
Platelet-MPs are detected with either single color staining using antibodies directed against platelet-CD41 or CD42b antigens or dual color staining using a combination of anti CD41/CD42b ( Figure 5 ). Note that CD41 and CD42b antigens are exclusively expressed on platelets. Sometimes, anti CD31 antibody is used along with either anti CD41 or anti CD42b antibody for PMPs detection. 32 -35 However, CD31 is also expressed on endothelial cells and other myeloid cells such as monocytes, granulocytes, and B cells but is most abundant in endothelial cells. 36 The most common method for EMPs labelling is the dual color combination of anti-CD31 and anti-CD41 or anti-CD42b antibodies. 32,33,35,37 -39 Because CD31 is a common marker for platelets and endothelial cells, PMPs appear as a CD31
1

/CD41
1 population whereas EMPs appear as a CD31
population, giving both counts in a single run ( Figure 5 ). This combination of markers has the advantage of being quite bright (abundant) and very specific. However, other combination of markers such as platelet CD61 40, 41 and endothelial CD144 33, 42 could be also employed. Detection of leukocyte-MPs (LMPs) is hampered by the variability of surface markers expressed by different populations of leukocytes. In fact, LMPs may originate from neutrophils, monocytes, and B-and T-lymphocytes. However, antibodies directed against pan-leukocyte markers have been used. This includes antibodies directed against the surface markers CD11b/CD18, 15 CD11a/CD18, 43 CD66, 15 , CD62 L, 44, 45 or the Annexin A1. 44 
ABSOLUTE MICROPARTICLES COUNT
MICROPARTICLES IN CARDIOVASCULAR DISEASES
Mounting evidence supports the role of MPs in the development of CVDs. In fact, MPs are detected in the peripheral blood of healthy individuals but their levels and phenotypes change in numerous disease conditions (Table 1) .
Microparticles in atherosclerosis
Atherosclerosis is a life course disease that begins with the evolution of risk factors that contribute to endothelial dysfunction, inflammation, and vascular injury. Formation of MPs has been considered as a hallmark of endothelial activation and dysfunction in many earlier studies, 52 -54 that indicate the 57 Adhesion of monocytes and neutrophils to the endothelium is a crucial step in the development of atherosclerosis. 58 -60 In this perspective, PMPs were found to induce the expression of CD11a and CD11b on monocytes and enhance their adhesion to the endothelial cells. 61 In patients with hypercholesterolemia, hypertension, and diabetes mellitus, circulating MPs correlate with the level of endothelium dysfunction and impairment of vasodilatation. A study showed an association between the levels of EMPs (CD144 þ ) and the presence of coronary non-calcified vulnerable plaques in type 2 diabetes mellitus patients. 62 The EMPs, defined as CD31þ/CD422 , were found to be 2.5 fold greater in patients with high risk lesion and 3 fold greater in patients with high risk lesion and thrombi than the patients with low risk lesions. 63 A study by Nozaki et al., reported that EMPs were found to be independent predictors of future cardiovascular events and could add significant value to the Framingham risk factors. 64 Two studies assessed the association between the levels of MPs and presence of atherosclerotic plaques in asymptomatic healthy subjects. A study conducted by Chironi et al., quantified various subtypes of MPs and correlated them with the presence of subclinical atherosclerosis evidenced by ultra sound. 54 Circulating LMPs, defined as CD11a-MPs þ , were higher in subjects with ultrasound evidence of subclinical atherosclerosis. LMPs differed between the 3 grades of CRP with greater value in subjects with higher CRP than in those with low CRP. LMPs levels positively related with increasing number of components of metabolic syndrome and tertiles of plasma fibrinogen. However, Annexin V-þ , PMPs-and-EMPs levels did not show a significant association with the presence of atherosclerotic plaques. A study by Amabile et al., identified and quantified circulating MP-CD144 þ -and
-in individuals without a history of CVDs in the Framingham Offspring cohort. 65 This study reported that hypertension, elevated triglycerides, and metabolic syndrome were associated with EMPs. Additionally, T-cadherin-exposing EMPs were reported to be elevated in patients with subclinical atherosclerosis. 66 In diabetic patients, increased pro-coagulant activity of PMPs was associated with the risk of atherosclerosis. 57 Overall, the findings suggest that MPs may act as potential predictors of atherosclerosis. They can add a useful predictive value to that of Framingham risk score to identify the risk of developing CVDs.
Microparticles in myocardial infarction
A growing body of evidence supports the role of MPs in the development of myocardial infarction (MI). Various case controlled studies evidence the elevated levels of MPs in patients with ST-segment elevation myocardial infarction (STEMI). More specifically, it has been shown that LMPs stimulate endothelial cells cytokine release and TF induction and are associated with venous thrombus formation. Jung et al., showed that the number of circulating EMPs correlates with the myocardium at risk and infarct size. 27 In a study by Min et al., the levels of MPs were found to be significantly higher in patients with STEMI patients than in healthy controls. 67 When compared between the culprit coronary arteries and peripheral arteries, the level of MPs was significantly higher in the culprit coronary arteries. The number of EMPs progressively increases in the blood of patients with unstable angina and MI as compared with stable angina or non-coronary patients. 68 Platelet-MPs levels often correlate with other markers of platelet activation, such as soluble P-selectin (CD62P), membrane bound P-selectin, CD63, and CD40L. The increase in PMPs levels is related to the severity and the burden of the acute MI. In fact, both PMPs and EMPs levels were significantly higher in the intracoronary than in the aortic blood samples in STEMI patients undergoing PCI, supporting their role as markers of acute thrombosis. Thus, it is likely that an abnormal MPs profiles and particularly an augmentation of the number of circulating pro-coagulant and pro-inflammatory MPs will help in the diagnosis and prognosis of acute MI.
Microparticles in vascular remodelling and heart failure Accumulating evidence indicates the existence of a strong relationship between MPs and vascular remodelling process predisposing to heart failure (HF). In fact, it has been reported that circulating MPs are the major factor associated with carotid artery remodelling 69 and contribute to the extra cellular matrix degradation mainly through the matrix metalloproteinases (MMPs) activity that they harbor. 70 -73 Recently, it has been reported that small-size MPs (below 0.5 mm) could be potentially implicated in the modulation of the post-acute coronary syndrome reparative response to injury, with prognostic implications. 28 Specifically, LMPs activate endothelial cells and stimulate the release of cytokines and TF. 74, 75 EMPs, on the other hand, are acquiring emerging roles in the pathogenesis of cardiac remodelling, and its plasmatic levels are elevated in acute coronary syndrome, 38, 76 acute MI, 26, 27, 43 and HF 77 . In fact, EMPs carry oxidized phospholipids at their surface and trigger the release of chemokines from endothelial cells, which in turn attracts leukocytes and induces their adhesion to the endothelium. 78 Moreover, EMPs can activate neutrophils, provoke thrombin generation, and induce extra cellular matrix degradation. 79 A study by Nozaki et al., reported that high EMPs level is an independent predictor of future cardiovascular events in HF patients. 77 They measured the plasma CD144þ-EMPs levels in HF patients with New York Heart Association (NYHA) class I or more and found that EMPs were significantly increased with NYHA functional class. The level of plasma EMPs were higher in NYHA class III followed by NYHA class II, I and healthy controls. During the 30 months follow up, patients in the high EMPs group frequently developed cardiovascular events compared with those in the low EMPs group. Berezin et al., reported that the number of circulating EMPs independently predicted all-cause mortality, chronic HF related death, and chronic heart related re-hospitalization. 80 Collectively, these data reflect the importance of MPs in acute MI and suggest that assessment of MPs in conjunction with other bioactive markers may significantly improve risk stratification and determination of adverse remodelling in acute MI.
Microparticles in cardiac-related diseases
Obstructive sleep apnoea is independently associated with various CVDs, including MI and stroke. Obstructive sleep apnoea may promote atherosclerosis risk factors such as endothelial dysfunction, hypertension, diabetes, and dyslipidemia and may have direct pro-atherogenic effects on the vascular wall. 81 Case controlled studies have shown that platelet-, endothelium-and leukocyte derived-MPs levels are increased in obstructive sleep apnoea. 82 -85 Experimental evidence has demonstrated that MPs from patients with obstructive sleep apnoea induce endothelial dysfunction, inflammation, and vascular hyper-reactivity when injected into mice. 86 Endothelial-MPs were reported to be an independent predictor of severe cardiovascular outcome in end-stage renal failure patients. 87 Endothelial-MPs increase in patients with stable chronic pulmonary diseases and increases further in patients with exacerbated chronic pulmonary diseases than the patients with non-chronic pulmonary diseases. 88 Levels of MPs in those patients correlate with lung destruction and airflow limitation. Psoriasis is a risk factor for a cardiometabolic disease apart from the traditional risk factors, and studies evidence the higher concentration of MPs in patients with psoriasis compare to controls.
89,90
MICROPARTICLES AS CELL EFFECTORS
The role of MPs as cell effectors has been witnessed by their ability to transfer biological information between cells. Mostly, MPs exchange information at the levels of endothelium and significantly influence their physiological role. Furthermore, various in vitro studies, in which MPs were isolated from biological fluids or generated in vitro conditions using cell lines, demonstrate that MPs are involved in several conditions such as coagulation, thrombosis, inflammation, and vascular dysfunction.
Coagulation
Plaque rupture followed by thrombosis is the cause of most of the acute coronary syndromes. There is a strong evidence of the involvement of MPs in the activation of the coagulation cascade. 51 In fact, MPs expose PS, which is an essential anionic phospholipid for surface amplification of thrombin generation. MPs also display activated factor V on their surface and contribute to the activation of clotting.
Tissue factors are present in MPs derived from platelet, monocytes, and smooth muscle cells (SMCs). These tissue factors trigger factors VII-mediated thrombin generation. Pericardial blood of cardiac surgery patients was shown to have a higher amount of TF-exposed MPs antigen levels when compared to healthy individuals. 91 Pericardial-MPs were highly pro-coagulant in vitro and highly thrombogenic in a rat model. 92 Inhibitory antibody against human TFs abolished their thrombogenicity, suggesting that MPs exert their pro-coagulant and thrombogenic effect via TF activity. Platelet deposition on damaged arteries was found to be higher in platelet-enriched blood samples. Characterization of atherosclerotic plaques also shows that it contains highly pro-coagulant MPs of monocytic and lymphocytic origins, which expose TF and exhibit pro-coagulant activity. 93 
Inflammation
Circulating MPs exert varieties of pro-inflammatory activities by stimulating platelets, leukocytes, and endothelial cells. Microparticles released by apoptotic Jurkat cells are shown to have the complement components C3 and C4 on their surface. These complement factors mediate pro-inflammatory effects and cause vascular injury. The oxidized phospholipids present in the MPs are released due to the oxidative stress causes the adhesion of monocytes and neutrophils to the endothelium. 94 Microparticles also stimulate the secretion of several inflammatory cytokines and thereby contribute to the propagation of inflammatory reactions associated with CVDs. 75,95 -97 Microparticles released from lymphocytes and monocytes stimulate fibroblasts to secrete MMPs, cytokines and chemokines. 98 They also induce the secretion of interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1) by endothelial cells. 75 Platelet-MPs are shown to enhance the secretion of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), IL-1b, and IL-6. 99 Platelet-MPs also contain large amounts of the inflammatory chemokine RANTES (CCl5) which they deposit on activated or atherosclerotic endothelium. 100 On the other hand, one study showed that MPs released by activated neutrophils attenuate cellular activation in macrophages and may help to down-regulate the inflammatory response. 101 Angiogenesis Recently, the modulation of vascular tone by MPs has been reported. Circulating MPs may modulate both Nitric Oxide (NO) and Prostacyclin (PGI 2 ) pathways in endothelial cells and also produce thromboxane A 2 (TXA 2 ) to act directly on SMCs. 102 Upon activation, platelets release MPs that promote the proliferation and survival, migration, and tube formation in human umbilical vein endothelial cells (HUVEC). 71 Lipid components of MPs handle this activity, and the signaling is dependent on different kinases. Another study by Brill et al., showed a dose dependent proangiogenic effect of PMPs. 72 In the rat aortic ring models, MPs generated from thrombin-activated platelets showed a dose dependent proangiogenic effect. This effect was mediated via PI3-kinase, Src kinase, and ERK signaling pathways. Also, PMPs were proved to induce angiogenesis in the in vivo model. These effects were mediated by vascular endothelial growth (VEGF) factor and other growth factors such as basic fibroblast growth factor (bFGF) and platelet-derived growth factor (PDGF). The proangiogenic activity of EMPs was also reported. Endothelial-MPs were shown to contain MMPs responsible for proteolysis of the basement membrane and thus facilitating neovascular structure formation and/or cell invasion. 103 
MICROPARTICLES AS THERAPEUTIC TOOLS
Besides their role as mediators of noxious responses, MPs may have a therapeutic role by reducing deleterious signaling in target cells and inducing tissue repair, endothelial function, and survival of apoptotic cells. 104, 105 Benameur et al., reported that circulating MPs harboring the peroxisome proliferator-activated receptor alpha (PPARa) promote angiogenesis by inducing differentiation of endothelial progenitor cells (EPCs) via a PPARa/Akt/NF-kB dependent pathway. 106 Similarly, another study using MPs derived from in vitro activated platelets showed that PMPs can improve the regenerative potential of EPCs by promoting their proangiogenic profile. 107 Major mechanisms involve the upregulation of endothelial markers and induction of EPCs recruitment, migration, differentiation, and release of proangiogenic factors. Enhancement of EPCs differentiation may represent a useful strategy for vascular regeneration. Moreover, MPs can be engineered to overexpress different proteins following induction/activation of their parental cells. For instance, various studies demonstrated that MPs generated from activated/apoptotic human T lymphocytes, and harboring the morphogen sonic hedgehog (Shh), improve endothelial function by inducing NO release and promoting angiogenesis through upregulation of adhesion protein and release of proangiogenic factors. 73, 108, 109 Taken together, these studies suggest that engineered MPs could represent a therapeutic tool to correct impaired functions associated with CVDs. Finally, MPs contains biological information carried by DNA, RNA, and miRNA. The cytoplasmic pool of MPs confers an appropriate biochemical environment which protects the genetic material from degradation and favors the delivery of biological messages between cells. 110 -112 CONCLUSIONS AND FUTURE DIRECTIONS Formerly considered as inert particles or by-product of platelet activation, MPs have emerged as key players in the pathogenesis of numerous CVDs as they can induce endothelial dysfunction, inflammation, coagulation, and cardiovascular remodelling. In contrast, MPs could play an important role in cellular homeostasis, intercellular communication, and serve as indices for health and physiology assessments for both diagnostic and risk stratification purposes. Furthermore, engineered MPs are acquiring emerging role as therapeutic tools to correct cardiovascular pathologies and MPs-associated miRNA prone to be a potential vector for gene therapy.
The ubiquitous role of MPs in the cardiovascular system necessities further investigations on their cell lineage and the molecular mechanisms underlying their formation, release, and clearance. More in depth studies should be focused on further characterization of MPs composition (proteins, lipids, mRNA, microRNA) and the message they transport to the targeted cells and tissues. This will significantly improve our understanding of the biological effects they can induce and the extent of their contribution to the pathophysiological processes. The challenges rely on the refinement and validation of the methodology of detection of MPs. This implies standardization of the pre-analytical handling of samples and analysis of MPs by biophysical techniques including flow cytometry. Given the fastdeveloping field of biotechnology and the increasing research interest on MPs, significant advances are expected in a near future. Such advances will expand the current knowledge on the pathophysiological role of MPs in CVDs and ultimately set the ground for the application of MPs in personalized medicine.
